Abstract. In the present article the authors make an approach over the applications of dithiothreitol (DTT) in its different clinicallaboratory, potential and up-to-date sources. Dithiothreitol is a chemical reagent with a wide actuation spectrum not only from a laboratorial view but also from a therapeutic standpoint, more clinical and practical. DTT (i) is frequently used in a variety of experiences that involve proteins or peptides, protecting sulfhydryl groups from oxidation and reducing disulfide bonds between cysteines; (ii) is also used in the study of disulfide exchange reactions of protein disulfides; (iii) is able to keep glutathione in the reduced state; (iv) acts as an "antidote" enabling the activity of detoxification systems; (v) participates in cellular mechanisms such as vesiculation, cell morphology, signal transduction pathways (hormone-'like' role), etc.; (vi) can be used in the treatment approach of diseases like cystinosis or medical conditions resulting from ion or metal toxicity. In erythrocytes, there's literature pointing that DTT may trigger changes on the normal discoid shape following metabolic depletion, and additionally modulate the exovesiculation kinetics as demonstrated by us. The present article dissects in detail recent findings in our Unit concerning the DTT influence on human erythrocytes.
Introduction
1,4-Dithiothreitol (DTT) is the common name for the chemical compound known as Cleland's Reagent, a small-molecule redox reagent featured to be a highly alcohol-and water-soluble solid with little odor and poor tendency to be air-oxidized [11, 30] . Discovered in 1949, this synthetic reagent is able to completely reduce disulfides, protect sulfhydryl groups (-SH) from oxidation and preserve monothiols in the reduced state. Thence, DTT plays a key-role as the golden-standard protective reagent for -SH groups, which seems to be critical for the maintenance of biological functions in numerous macromolecules [1, 11, 30] .
DTT applications on humans can be divided into thiol and non-thiol effects, the spectrum of which covers both laboratorial and medical fields. The vastest actuation group encompasses the thiol effect, since the thiol-dissulfide interchange is essential for a wide range of biological systems [1, 14] and it is concerned with DTT's redox properties, i.e. the ability to reduce disulfide bonds between cysteines and to work out as a -SH donor. Non-thiol effects regard little interactions in the absence of cysteine (Cys) residues, such as the inhibition of protein-carbohydrate binding [29] .
Chemical approach
Dithiothreitol is a peculiarly potent reducing agent, owing to its conformational propensity to form a six-membered ring with disulfide bonds. The typical reduction of a disulfide bond encompasses two sequential thiol-disulfide exchange reactions. The intermediate mixed-disulfide state is generally unstable because the second DTT thiol sustains a high propensity to close the ring yielding oxidized DTT and a reduced disulfide bond behind. Characteristically, the reducing power of DTT is limited to pH > 7 [11, 30] .
On the one hand, DTT is usually used to reduce disulfide bonds and prevent intra-and intermolecular disulfide bonds from yielding between cysteine residues of proteins. It is yet important to note that solvent-inaccessible cannot be reduced by this reagent. DTT can also be used as an oxidizing agent and in opposition to what happens with glutathione no mixed-disulfide species are populated [30] .
On the other hand, DTT is commonly used as a deprotecting agent for thiolated DNA, which has a strong tendency to form dimers in solution in the presence of oxygen. This dimerization process importantly decreases the efficiency of subsequent coupling reactions such as DNA immobilization on gold in biosensors. DTT typically reacts with a DNA solution, and afterwards is removed by filtration or chromatography [1, 11, 30] .
What we do know after decades of DTT usage
In line with the literature behind there's an increasing body of evidence of ground-breaking dithiothreitol applications in the clinical setting, due to its little toxicity. A brief review of potential applications follows herein:
(i) The protection of DNA from oxidation by inhibiting the production of oxygen free radicals, extremely useful in procedures of DNA transformation [19] . (ii) Treatment option for patients suffering from cystinosis, since DTT efficiently decreases the intracellular levels of cysteine in human leucocytes, especially in neutrophils where its stockpile is larger [17] . (iii) The protection of numerous cells from oxidative stress damage, by acting as an antidote and thus keeping the endogenous antioxidant glutathione in the reduced state [29] . (iv) The reduction of several toxic drugs, such as acetaminophen, to their nontoxic parental compounds. Independently of the glutathione levels, DTT is known to revert drug-induced hepatotoxicity by interacting with -SH groups of Ca 2+ -ATP translocases [23, 37] . (v) The protection of erythrocytes against organometal-induced hemolysis, specifically by organolead compounds, which is lipophilicity-dependent. DTT triggers an anti-hemolytic effect by inhibiting the interaction between those toxic agents and cellular membranes [3, 21] . (vi) The enhancement of metal ions (mercury and copper) toxicity, characterized by high affinity to thiol groups and glutathione depletion as the main causes for cell damage, whereas no affection on glutathione levels has been detected after DTT treatment [20] . (vii) Modulation of the activity of surface markers in white blood cells via down-regulation of its expression, which may thereby prompt an immune depression condition [40] . (viii) The formation of DTT complexes with metals (e.g. zinc-DTT) avoiding its enzyme inhibition effect on Na + -K + ATPases, which may then be responsible for severe neurological disorders [28] .
(ix) The formation, by DTT, of novel disulfide bonds between the five subunits that constitute the acetylcholine nicotinic receptor, which blocks its normal assembly and hinders the number of receptors within the membrane. (x) The induction by DTT of numerous cell adhesion molecules, thereby enhancing the adhesive ability of neutrophils, natural-killer cells and platelets [15, 36] . In the hemorheology setting, DTT further stimulates platelet aggregation [41] . (xi) The hormone-like effect of DTT, yet found on adipocytes, which is based on the interaction with insulin tyrosine-kinase receptors (molecules that also contain sulfhydryl groups). The reducing agent mimetizes the insulin metabolic effects, therefore activating glucose uptake and prompting an anti-lipolytic effect [18, 22] . (xii) The recommendation of DTT for routine usage in blood banking, with the purpose of inactivating IgM antibodies and as well as a test to differentiate IgM from IgG [27] . (xiii) The DTT-dependent redox signalling in oxygen sensing by natal and postnatal vessels: inhibition of potassium currents in the pulmonary artery, thereby triggering vasoconstriction by increased cytosolic calcium, with the opposite effect being verified within the ductus arterious [4] .
Modulation of erythrocyte properties by DTT
The modulation of erythrocyte physiological events by dithiothreitol is becoming increasingly documented [34, 38, 39] and ongoing studies from our unit are disclosing its thiol-reducing property to be the major role in erythrocyte function.
Reducing agents regulate cellular shape which does not occur through cytoskeleton proteins phosphorylation or phosphate turnover, but via phosphorylation of lipids bound to the inner membrane yielding phosphatidic acid and PIP3. Upon erythrocyte crenation, a major consequence of metabolic depletion, a trigger of normal discoid shape onto echinocyte is observed, which can be reverted with substrate supplementation. In DTT-treated cells, this morphology deformation goes further until the final form is a stomatocyte. This counter-regulation is the result of exaggerated stimulation of the plasma membrane aminophospholipid translocator by DTT [38, 39] .
Current studies from our laboratory have revealed dithiothreitol effects on erythrocyte exovesiculation [34] , hitherto a poorly understood mechanism. Exovesiculation is known to occur during red cell differentiation, apoptosis and during the process of blood samples storage, and it plays an important role as a homeostasis effective modulator. The release of exovesicles is strongly modulated by pH, temperature and ATP depletion. Those microvesicles are endowed with the membrane-bound acetylcholinesterase, an enzyme documented to embody the erythrocyte integrity. Our research group has recently developed an experimental design to study erythrocyte membrane exovesiculation in the presence of the fluorescent membrane probes DPH, TMA-DPH, and C 17 -HC [33] .
DTT and erythrocyte rheology
Over the last years, we have published a few studies exploring the non-neuronal cholinergic system in human erythrocytes [6-10, 12, 13, 26, 31, 32, 35] . There is growing knowledge about the association between hemorheological blood disorders and compromised microcirculation in erythrocyte abnormalities [5, 25] . Effects of the non-neuronal cholinergic elements, especially acetylcholinesterase (AChE), on the erythrocyte hemorheological behaviour were extensively characterized in the past. One of those works aimed at assessing the erythrocyte hemorheological behavior under the influence of the cellular redox thiol status [2] . The results of that study showed that the erythrocyte redox thiol status modulates neither the erythrocyte hemorheological parameters (aggregation and deformability) nor the erythrocyte lipid membrane fluidity. The slight changes observed may not reflect any clinical relevance. Nevertheless, in the concomitant presence of acetylcholinesterase substrate (acetylcholine, ACh) or inhibitor (velnacrine maleate, VM) several significant alterations were reported, namely a shift on the erythrocyte discoid shape (observed in blood smears) as well as on the aggregation index. The lower aggregation tendency detected may become increasingly important in the clinical setting as far as cellular-activated thiols are concerned. We documented, for the first time in this study, that increasing concentrations of a thiol reducing agent in red cells do not significantly modify the red cell elongation index, aggregation index and membrane lipid fluidity, an effect dependent on the non neuronal AChE modulation.
DTT and nitric oxide bioactivity
In a second study [24] , we intended to assess the redox thiol status influence on the nitric oxide (NO) metabolism and efflux in erythrocytes stimulated with ACh and VM. Since sulfhydryl groups are the main nitric oxide receptors into red cells, the -SH donor function of DTT raised the evidence that the intraglobular redox status, the hallmark of many cell processes, is capable of modulating the release of nitric oxide and its oxidative metabolites which takes place under several physiological conditions (e.g. hypoxia). In this study, upon redox thiol status modulation by DTT, nitric oxide is strongly mobilized inside erythrocytes but much less released to the extracellular compartment, when compared with the erythrocyte suspensions without either DTT or ACh/VM. Increasing DTT concentrations significantly increased the levels of nitrite/nitrate. Concerning the overall NO reactions inside red cells the explanation lies on the NO efflux impairment which is consequently mobilized amongst several nitrosylated compounds and, as a result, higher metabolization into oxidative metabolites occurs. An interesting finding in our study was that reduced glutathione is not modified when DTT or AChE effectors are present, denoting that the cell antioxidant mechanisms are conserved.
This study revealed that nitric oxide is mobilized onto different derivative species, depending upon the erythrocyte-stimulating effector. AChE-triggered enzyme activity alongside redox status shifting seemed to influence the intracellular mobilization of NO-hemoglobin stores. Though still vague, the mechanism of erythrocyte NO mobilization is now proved to be dependent on circulating acetylcholine and on the cellular redox thiol status. Our in vitro model reinforces the thiol redox status and, consequently, NO is less released and more mobilized inside the erythrocyte [24] .
Summary
According to the supracited applications overviewed in this review, dithiothreitol is regarded as the reagent of election as thioreducer agent and is used in a wide range of clinical occurrences. This particularity of reduced status-dependent nitric oxide storage by red cells becomes an important step to comprehend the influence of erythrocyte-dependent microcirculation events and, in a way, to raise new goals as targets upon microcirculation disease. The «endogenous» low-molecular-weight thiols, primarily represented by glutathione and cysteine, are known to participate in a large number of physiological phenomena. Modifications in their basal levels are often on the basis of pathological events, such as imbalance of the intraand extracellular antioxidant/oxidant ratio. Furthermore, some studies reveal thiols may play a central role in the pathogenesis of cardiovascular disease and aging. We believe thiol levels measurement may thereby become valuable in the assessment of the antitoxic-antiradical status and to detect risk factors for cardiovascular disease and therapy monitoring. 
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